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Abstract
Nanostructure formation on bulk metals (silver, gold, copper and titanium) by 
femtosecond Ti-sapphire laser irradiation (775 nm, 150 fs) is studied aiming the production of 
low-reflectivity surfaces and the better understanding of the development process. The 
experiments were performed in nitrogen, air, oxygen and helium environments at atmospheric 
pressure. The samples were irradiated with fluences in the 0.1-2 J/cm2 range and an average 
pulse number o f 100 falling over a given area. The reflectivity o f the treated surfaces was 
determined by a microspectrometer in the 450-800 nm range and their morphology was 
studied by scanning electron microscopy. The gas ambience influenced the results via two 
effects: formation processes and the chemically-induced modifications o f the nanostructures. 
In case o f He the nanoparticle aggregates - otherwise generally present - are predominantly 
missing, which leads to a lower darkening efficiency. The presence o f oxygen enhances the 
darkening effect for copper mostly at lower fluences, while causes a slow increase in 
reflectivity in the case o f titanium (in case o f pure oxygen) in the high fluence range. The 
surface morphology in case o f nitrogen and air were quite similar probably due to their close 
molecular mass values.
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1. Introduction
Pulsed laser processing technologies are advanced tools in material processing and 
micromachining, which have already demonstrated their ability to produce random nano- and 
microstructures on the surface o f numerous metals [1-3]. One important aspect o f these laser 
irradiation induced surface textures is that they can exhibit modified optical properties [4—6]. 
Spectroscopic studies showed that originally highly reflective materials may become almost 
completely absorptive in a broad spectral range (from near UV to near IR) due to the 
nanopatteming o f the treated sample surface. Possible applications o f these broadband 
absorptive metal surfaces cover every field which needs efficient light trapping and 
manipulation techniques for example the development o f antireflection coatings, stealth 
technology, metal colorization, optoelectronics, solar light absorbers, broadband thermal 
sources or improving power conversion efficiencies in photovoltaic devices generally [7-9].
Albeit several papers have been presented so far that aim the description of the optical 
property modifications in correlation with the changes o f the surface morphology of metals in 
case o f femtosecond and picosecond laser pulses [10-15], these experiments were mainly 
carried out in the presence o f atmospheric air environment. However it is known that the 
darkening effect is not only attributed to the light trapping properties o f the rough surface, but 
in certain cases oxidation and other chemical modification o f the illuminated surfaces can also 
play an important role [14,16]. Guan et al. studied color change of different material surfaces 
following laser irradiation, and they found that it resulted from the controlled surface 
oxidation during laser beam interaction with metal surfaces [17,18]. In the experiments of 
Qian et al. different oxide layers were formed on KrF excimer laser-irradiated Ti surface, and 
they proposed that not only the morphological change, but the compositional variations o f the 
irradiated area also play an important role in the laser-induced coloration [19].
In this paper, we study the impact o f gas environment on the laser induced surface 
darkening process o f different target materials. The comparison o f the results published in the 
literature are often hardly comparable due to the different experimental arrangements and 
parameter sets, therefore our aim was to perform a comprehensive study using various target 
materials and gas ambiences while keeping the same experimental conditions during the 
irradiations. The applied ambient gases (nitrogen, air, oxygen and helium) and target materials 
(silver, gold, copper and titanium) represent a variety o f physical and chemical properties. 
The motivation of the current research is to answer open questions regarding the mechanism 
of reflectivity decrease and surface structure formation throughout the darkening process,
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while exploring the role o f the gas environment during femtosecond laser irradiation. 
Particular attention was paid to the morphological studies of the irradiated areas.
2. Experimental
In this study high purity non-polished metal (silver, gold, copper and titanium) plates 
(from Goodfellow) were irradiated directly by pulses o f a Ti-sapphire laser (CPA-2001, Clark
MXR: 2=775 nm, Zfwhm= 1 50 fs, f=  1 kHz) in different gas environments (nitrogen, air,
oxygen and helium) at atmospheric pressure. The laser beam was focused onto the sample 
surface in a circular spot with 152 pm diameter and the targets were scanned over 1 mm x 
1 mm sized area by a 4-pole magnet motor driven XY translator. The scanning speed was kept 
constant and each scanned row was shifted to the previous one by 50% of the laser spot 
diameter ensuring an average 100 pulses on a given area. The laser fluence was varied 
between 100 and 2000 mJ/cm2.
3. Results
3.1. Reflectivity measurements
After laser processing, the darkening of the treated surfaces was perceptible to the 
naked eye for all experimental condition applied. The specular reflectivity o f the treated areas 
were measured in the visible-near-infrared spectral range (450-800 nm) by a 
microspectrometer equipped with an NA=0.12 objective. The detected light was 
reflected/backscattered from a circular area having a diameter o f less, than 100 pm. The 
recorded spectra were normalized to the reflectivity o f the untreated, non-polished metal 
samples measured with the same setup. Figure 1 shows the dependence on the laser fluence of 
the normalized reflectivities o f silver (a), gold (b), copper (c), and titanium (d) samples at 
2=550 nm in various gas environments. It was found that the normalized reflectivity 
decreased rapidly with increasing fluence, reaching a final value below 0.05 in most cases. 
Exceptions were observed when performing irradiation in He environment or in the case of 
titanium when the ambience contained oxygen (air or pure oxygen).
Silver
The drop of the reflectivity was the fastest in case o f silver, where a value below 0.05 was 
reached already at 500 mJ/cm in all the applied gas environments. At higher fluences only a 
slight further reduction can be observed in the measured reflectivity. The tendencies were 
quite similar in air, N2 and O2 environments while the decrease was slower when using He.
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Gold
In case o f gold the tendencies o f the fluence dependence are quite similar to that o f silver but 
with a less steep decrease o f the relative reflectivity.
Copper
For copper targets the normalized reflectivities at 100mJ/cm2 have high uncertainty due to 
the surface cleaning effect observed at this low fluence value. At higher fluences the oxidation 
of the surface [20] enhances the darkening effect o f the laser leading to a steeper decrease of 
the normalized reflectivity. The use o f He gas resulted in significantly higher reflectivities in 
the whole studied fluence range as compared to the other gases.
Titanium
The behavior o f the titanium was different from the other three metals. In air, N2 and O2 
ambience the relative reflectivity decreased below 0.1 already at 200 mJ/cm2. Increasing the 
fluence above 500 mJ/cm2 in nitrogen atmosphere the reflectivity decreased further, however, 
in case o f air the reflectivity remained constant. In pure oxygen the measurements clearly 
indicated an increasing reflectivity when increasing the fluence above 200 mJ/cm . When 
looking at the samples with unaided eye in an order o f increasing fluences, the initial 
darkening turned into lighter and lighter gray shades. The tendencies o f the data plots 
obtained for air environment fell between the corresponding ones obtained for nitrogen and 
oxygen, the two main constituents o f air. In He environment the darkening efficiency of laser 
irradiation was reduced as compared to air.
3.2. Morphological investigations
To explain the results presented above, we investigated the morphology o f the laser- 
irradiated metal samples. The developed surface structures were observed by a Hitachi S4700 
scanning electron microscope (SEM) operating at 20 kV accelerating voltage and 10 pA 
emission current without applying any additional conductive coating on the investigated 
surfaces. Since the observed characteristic structures were in each case very similar in air and 
nitrogen environments, the latter ones are not presented in the forthcoming figures.
Silver and gold
The surface structures on silver formed by irradiation at various fluences are shown in 
Figure 2. It was found that significant morphological changes occur even at 200 mJ/cm2 in air, 
N2 and O2 atmosphere. At the highest applied fluence (F=2 J/cm2) various surface structures 
developed: in air and nitrogen environment typically molten and refrozen jets and droplets can 
be seen partially covered by filament-like nano-aggregates (approximately few-nanometers in
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size), while in oxygen the laser-induced periodic surface structures (LIPSS) - ripples -appear 
with less than 1 pm spatial period under the droplets and nano-aggregates. The diameters of 
these droplets vary in approximately 100 nm -1000 nm range. In SEM figures larger field of 
view inserts were used in case when existing LIPPS were not clearly visible on 50kX 
magnification. These low-spatial-frequency LIPPS structures (LSFL) with spatial periods 
slightly smaller than or comparable to the laser irradiation wavelength is induced by the 
optical interference o f the incident laser radiation with the surface electromagnetic wave 
generated on the rough surface by the laser irradiation [21,22], When irradiating the silver 
target in He environment the surface structures formed are very different from those obtained 
in other gases. LSFLs are visible at 200 mJ/cm2 applied fluence and vanish at higher fluences. 
While the surface becomes irregular, the larger molten droplets and nano aggregates with 
filament structures, which were present in case o f the other gases are completely missing in 
He. In case of gold the characteristic surface structures were similar to those observed for 
silver.
Copper
Figure 3 reveals that the features on the irradiated surface o f copper are similar to the 
structures observed on silver irradiated in air and N2. In O2 and He the periodic surface 
structures are evident at all fluences in the investigated range. Nano-aggregates and droplets 
were observed in oxygen and air at high fluences only, but in much smaller extent than for 
silver and gold.
Titanium
Figure 4 shows the morphology of titanium irradiated in different gas environments. Using air 
and nitrogen gases the surface becomes densely covered by complex filament-like formations 
even at 200 mJ/cm2 laser fluence and more or less maintain its morphology until the highest 
applied fluence (F=2000 mJ/cm2). In oxygen a considerable amount o f filament like 
structures are deposited at higher fluences, which cover up the laser induced periodic surface 
structures clearly existing at 200 mJ/cm . In contrast, much more conglutinated, molten and 
resolidified structures can be found at the low fluence regime (below 500 mJ/cm2) in helium, 
which are gradually covered by nano-aggregates at high fluences. On the hill o f the periodic 
surface structures o f Ti, small spheres (microdots) can be discovered, which were also 
observed by Tsukamoto et al. during stationary irradiation o f Ti at similar laser parameters 
[23].
3.3. Chemical compsition analysis
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The chemical composition of the samples was studied by X-ray photoelectron 
spectroscopy (XPS, SPECKS and AXIS ULTRA) and energy dispersive X-ray spectroscopy 
(EDX, Rontec XFlash attached to the SEM).
Compared to the non-treated sample, chemical changes were observed for silver samples 
irradiated in oxygen containing ambience. The appearance o f Ag3d peak at 367.7 eV 
indicated the formation of Ag20  on the surface. In case o f gold, the disappearance o f Au4f 
peak at 85.7 eV indicated even the removal o f the initially present small amount o f oxide from 
the target surface independently o f the gas environment. In case o f copper, the formation of 
CuO was detected on the surface after the irradiation in air. The amount o f CuO increased 
further when the irradiation was performed in pure oxygen. However, the irradiation of 
copper in pure nitrogen resulted in the complete disappearance o f the CuO peak at 933.6 eV 
binding energy, and instead, an increased nitrogen content was detected. In case o f titanium, 
the Ti4+ (T i02) peak at 458.8 eV was observed on all samples regardless o f the applied 
ambient gas, and it was seen even on the untreated areas. This could be explained by the 
presence (or prompt formation) o f native T i02 layer on the surface o f titanium, and the 
shallow detection depth o f the XPS method. Therefore, we applied an alternative analytical 
method, EDX analysis as well. The excitation depth (~1 pm) during EDX is comparable to 
the thickness o f the processed volume o f the. According to the EDX data the oxygen content 
of the irradiated surface volumes strongly depends on the chemical nature o f the applied gas 
ambience. The average oxygen-to-titanium atomic ratio (0:Ti) obtained on the sample 
prepared in He at the highest fluence was somewhat lower (0:Ti=0.2±0.04) than that obtained 
on the untreated reference area (0:Ti=0.25±0.05), while a much higher oxygen content was 
detected on samples irradiated in air (O:Ti=1.9±0.35) and pure oxygen (O:Ti=2±0.4).
Table 1. summarizes the main observations for the different target-gas combinations in terms 
of surface morphology (formation o f basic nanostructure, presence o f LIPPS and deposition 
of nano-aggregates), and chemical changes as well as their possible effect on the measured 
reflective properties.
Ag Au Cu Ti
Air morphology -basic nanostructure 
-nano-aggregates
-basic nanostr. 
-nano-aggregates
-basic nanostr.
- nano-aggregates
-basic nanostr. 
-intensive nano-aggr.
chemistry -no changes -no changes -oxidation -oxidation decreases 
darkening efficiency
n 2 morphology -basic nanostr. 
-nano-aggregates.
-basic nanostr. 
-nano-aggregates.
-basic nanostr. 
-lower nano-aggr.
-basic nanostr. 
-intensive nano-aggr.
chemistry -no changes -no changes built-in nitrogen -no changes
o2 morphology -basic nanostr. 
-LIPPS
-basic nanostr. 
-LIPPS
-basic nanostr. 
-LIPPS
-basic nanostr. 
-LIPPS
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-nano-aggregates______ -lower nano-aggr. -low nano-aggr.
chemistry - oxidation
He morphology -less significant basic 
nanostr.
-missing nano-aggr. 
-less darkening 
efficiency at lower 
fluences
-no changes
-less significant 
basic nanostr. 
-LIPPS
-missing nano-aggr. 
-less darkening 
efficiency at lower 
fluences
-oxidation fastens 
the darkening 
-less significant 
basic nanostr. 
-LIPPS
- missing nano- 
aggr.
-less darkening 
efficiency at lower 
fluences
chemistry -no changes -no changes -no changes
-intensive nano-aggr. 
-oxidation decreases 
darkening efficiency 
-basic nanostr. 
-LIPPS
-nano-aggregates 
-less darkening 
efficiency
-no changes
Table 1: Summary o f the most important observations for the different target-gas combinations.
4. Discussion
Laser ablation influenced mostly by the thermal and optical properties o f the target 
material is the first stage in the formation o f the observed nanostructures. The formation o f an 
intensive plume accompanied by direct ejection of nanofragments from the surface occurs in 
this step. The resulting basic surface structures greatly affect the reflective properties o f the 
irradiated area. The expansion of the plume and its interaction with the ambient gas is the 
second stage, when nanoparticles are condensed and partly deposited onto the surface also 
contributing to the terrain formation. The chemical interaction between the plume and the 
ambient gas can be regarded as a third factor influencing the reflective properties o f the 
treated surfaces. Therefore, we discuss the obtained results according to the above partition. 
4.1. The ablation stage
Although all the investigated metals are in the d-block of the periodic table, the 
electron configuration and therefore the physical properties o f Ti is remarkably different from 
the other three elements (Cu, Ag, Au) in group 11 (see Table 2). The laser ablation process 
and the nanostructure formation is strongly affected by the reflectivity, the electron-phonon 
coupling constant and the thermal conductivity o f the target material [24], Laser ablation 
begins with the absorption of the laser pulse energy by accelerating the conduction band 
electrons o f the target metal. The absolute reflectivity o f the intact plane Ti surface is much 
lower than the initial reflectivity o f the other three investigated metals (Table 2), which 
resulted in higher absorbed energy during the first few pulses. The laser absorption induced 
excitation of the conducting electrons is followed by the energy transfers from these electrons 
to the vibrational modes o f the crystal lattice. The efficiency of this process is characterized
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by the so-called electron-phonon coupling constant. By this constant, the volume o f the heated 
material and also the temperature distribution throughout that volume can be defined. The 
thermal conductivity and the specific heat o f the target metal determines the lifetime of the 
molten phase both in the irradiated surface area and in the nanoparticles being formed and 
thereby the size distribution and the aggregation extent o f the formed nanodroplets. In case of 
Ti, the lowest reflectivity and thermal conductivity in conjunction with the highest electron- 
photon coupling constant and specific heat resulted in much stronger nanoparticle aggregation 
and redeposition o f the filament-like structures onto the titanium surface as compared to the 
other three examined metals as it is indicated in figure 4.
Ti Cu Ag Au
Original reflectivity (%) 62.2 96.2 97.2 96.8
(at 775 nm)
Thermal conductivity 22 401 429 310(W/mKj
Atomic mass 47.87 63.55 107.87 196.97
Density (g/cm3) 4.51 8.96 10.5 19.3
Electron-phonon coupling 0.38 0.13 0.12 0.17constant [25]
Specific heat (J/kgK) 544.3 376.8 238.6 125.6
Standard electrode potential 
(V)
-1.63 [26] 0.337 [27] 0.799 [28] 1.83 [29]
Table 2: Important physical and chemical properties o f  the investigated metals.
4.2. Plume expansion dynamics and nanoparticle formation
The results show that the development o f morphological structures and the change in 
the reflective properties o f the target sample are influenced by the nature o f the ambient gas in 
which the irradiation occurs. The nucléation becomes significant after the thermalisation of 
the one-component plume, while upon mixing with the ambient gas a diffusion driven 
nucléation, condensation (growth) and aggregation starts. Generally, the nanoparticle and 
aggregate formation needs high plasma/nanoparticle density and therefore it is strongly 
influenced by the plume expansion dynamics in the different gas environments [30,31]. S.B. 
Wen et al. [32] studied the nanoparticle generation during copper ablation in atmospheric 
argon and helium ambients and compared the experimental results with the numerical gas 
dynamics simulations o f the nanoparticle condensation process. Although the study was made 
for nanosecond pulses, the main conclusions on the plume expansion dynamics and the
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interaction with the ambient gas can stand for our case, too. The particle condensation process 
and the particle transport showed significant differences for Ar and He atmospheres. In the 
low molecular mass He, which possess high thermal conductivity and high diffusion 
coefficient, the condensation process starts and finishes earlier than in Ar ambient, and 
smaller nanoparticles are formed. Moreover, in helium, the nanoparticles are more efficiently 
mixed with the ambient atmosphere and transported away from the ablation site, while in 
argon, a significant amount o f nanoparticles falls back onto the surface. Since the critical 
physical properties o f the ambient gases are strongly related to their atomic or molecular 
masses (e.g., 4 and 39.94 for the atomic masses o f He and Ar, and 28.97, 28 and 32 for the 
molecular masses o f Air, N2 and O2 respectively), great differences can be expected in the 
nanoparticle formation processes in the different atmospheres. In accordance with this, much 
faster expansion of the plasma plume occurs in He inhibiting the nanoparticle creation, 
agglomeration and deposition onto the target surfaces. In He only the relatively low atomic 
mass titanium showed noticeable nano-aggregate deposition at the highest fluence applied.
4.3. Effects o f  chemical reactions during irradiation
The XPS and EDX measurements indicated that in case o f silver chemical changes had 
a minor contribution to the darkening process while in the case o f titanium and copper, the 
two metals with relatively high reducing ability (i.e. low standard electrode potentials, see 
Table 2), a much stronger chemical influence can be seen. In case o f gold no chemical 
compound formation was detected independently o f the gas environment. When irradiating 
silver, the oxygen content o f the applied gas ambience promoted the formation of black 
colored Ag20 on the surface, however it did not seem to have a significant contribution to the 
darkening process. In case o f copper irradiation in air the formation of CuO accelerates the 
darkening process as demonstrated in earlier studies [14,16], too. The oxidation effect could 
be further enhanced when irradiating the sample in pure oxygen atmosphere. When 
performing the irradiation in pure nitrogen the oxide formation was evidently missing, while 
an increased nitrogen content was detected. In case o f titanium the presence o f oxygen 
initiated the increase o f the (diffuse) reflectivity o f the target when increasing the fluence in 
the elevated fluence range. This observation could be explained by the formation o f white 
color titanium dioxide.
5. Summary
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The influence o f the ambient gas on laser induced darkening o f various metals 
(copper, silver, gold and titanium) was investigated. Although a significant decrease o f the 
specular reflectivity was measured in all cases by increasing the laser fluence, the tendencies 
and the surface structure formations were strongly influenced by the target material and the 
applied gas environment. In case o f the relatively large molecular mass gases (air, nitrogen 
and oxygen) the roughened surface became covered dominantly by nanodroplets and 
aggregates with filament-like structures. In case o f He these structures were predominantly 
missing, which led to a lower darkening efficiency. The presence o f oxygen had relatively 
strong impact on the reflective properties in case o f copper and titanium. While the formation 
of copper-oxide enhances the darkening effect mostly at lower fluences, the formation of 
titanium-dioxide increases the reflectivity slowly in the high fluence range. The nitrogen 
atmosphere proved to be neutral for the darkening process, and at higher fluences similar 
darkening efficiencies were obtained for all metals which had been studied.
On the basis o f the results we suppose that the use o f heavy inert gasses (e.g. Xe) would 
probably enhance the nano-aggregate deposition without chemical side-effects and would 
promote the laser induced darkening o f various metal surfaces.
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Figure captions
Figure 1. Normalized reflectivities o f the irradiated silver (a), gold (b), copper (c), and 
titanium (d) samples at 550 nm as a function of the applied laser fluence. The samples were 
irradiated with 100 laser pulses in different gas ambiences.
Figure 2. High magnification (50kX) scanning electron microscopic images on silver sample 
irradiated with different laser fluences (F) in air, O2 and He ambient gases. The width o f the 
images corresponds to ~2.5 pm for 50kX and ~12.5 pm for the lower magnification inserts.
Figure 3. 50kX SEM images showing morphological progress o f the nanostructures on 
copper surface irradiated with different laser fluences (F) in air, O2 and He ambient gases. 
The width o f the images corresponds to ~2.5 pm for x50k and ~12.5 pm for the lower 
magnification inserts.
Figure 4. 50kX SEM images showing the titanium surface structures obtained with different 
laser fluences (F) and gas environments. The width o f the images corresponds to ~2.5 pm for 
50kX and ~12.5 pm for the lower magnification inserts.
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